Abstract. Nanovesicles that are pinched off from biological membranes in the final stage of budding constitute a cell-cell communication system. Recent studies indicate that in vivo they are involved in blood clot formation and in cancer progression. The bud is connected to the mother membrane by a thin neck so it dwells close to the mother membrane. Using the electron microscopy we have observed in blood cells that adhesion between the membrane of the bud and of the mother cell in the vicinity of the neck took place and prevented the bud to pinch off from the mother vesicle. The same effect was observed in giant phospholipid vesicles (GPVs) due to attractive interaction between the bud and the mother vesicle mediated by the plasma protein beta-2-glycoprotein I. The stability of the neck is important for this process. By using Fourier method we analyzed thermal fluctuations of a GPV while a protrusion composed of beads connected by thin necks was spontaneously integrated into the mother GPV. Stepwise change of Fourier coefficients indicates an increased stability of necks which contributes to the retention of buds by the mother membrane and promotes anticoagulant and anti-metastatic mechanism by suppression of nanovesiculation.
Introduction
Biophysical properties of biological membranes influence vital mechanisms taking place in cells. Hitherto, attention has been devoted mostly to the mildly curved membranous structures such as plasma membrane. Recently, another membranous pool -spontaneously stable membranous nanostructures -has been recognized in cells Isomaa 1989, 1992; Rustom et al. 2004; Schara et al. 2009; Kralj-Iglič 2012) and also in phospholipid systems (Mathivet et al. 1996; KraljIglič et al. 2001; Iglič et al. 2003; Mareš et al. 2008; . Such structures are for example buds (Kralj-Iglič et al. 2000 , nanotubules , Iglič et al. 2003 Rustom et al. 2004; Galkina et al. 2005; Gimsa et al. 2007; Veranič et al. 2008) , nanovesicles Isomaa 1989, 1992; Junkar et al. 2009; Mrvar-Brečko et al. 2010; Šuštar et al. 2011a, b) and narrow necks Iglič et al. 2007; Jorgačevski et al. 2010) .
Membranous nanostructures are important for the function of cells and tissues since they constitute cell-cell communication system. Signalling by nanovesicles (NVs) may contribute to a variety of biological processes e.g. spreading of inflammation (Distler et al. 2005; Pisetsky 2009 ), transport of infectious particles (Fevrier et al. 2004; Robertson et al. 2006; Vella et al. 2008 ) and progression of tumour in cancer (Yu et al. 2005; Janowska-Wieczorek et al. 2006; Ratajczak et al. 2006; Al Nedawi et al. 2008) . Cancer cell NVs-borne oncoproteins, lipids, and nucleic acids (DNA, mRNA, microRNA) may be transferred to other cells and thereby affect tumor progression, immunotolerance, invasion, angiogenesis, and metastasis (Rak 2010) , while cancer cell NVs-borne tissue factor is involved in coagulopathy leading to an increased risk for clot formation in blood vessels (Müller et al. 2000) . As the same NVs may carry molecules that are involved both in cancer progression and in thromboembolic disorders, it was suggested that they could play an important role in coagulopathies in cancer described as the Trousseau syndrome (Šuštar et al. 2009 ). However, knowledge on the underlying mechanisms is rudimentary, which is one of the obstacles that targeted manipulation of nanovesiculation is not yet established as a standardized method in treatment of respective diseases.
Clinical studies have shown that concentration of NVs in isolates from blood of patients with cancer and with thromboembolic disorders was higher than in isolates from blood of healthy subjects (Dignat-George et al. 2004; Janša et al. 2008) . It was therefore suggested (Urbanija et al. 2007; Frank et al. 2008 ) that suppression of nanovesiculation could imply a possible anti-metastatic and anticoagulant mechanism. Since NVs are very small their morphology could not be observed live by optical microscope. However, giant phospholipid vesicles (GPVs) are large enough while some features in GPVs are the same as in NVs. Therefore unilamellar GPVs (Bagatolli et al. 2000; Peterlin and Arrigler 2008; Pavlič et al. 2010; Šuštar et al. 2012 ) are a convenient system to study the membrane features such as budding (Käs and Sackmann 1991) and thermal fluctuations of the shape (Bivas et al. 1987 (Bivas et al. , 1992 (Bivas et al. , 2003 (Bivas et al. , 2010 Faucon et al. 1989; Méléard et al. 1997; Vitkova et al. 2003; Genova et al. 2009 ).
It was observed in concentrated suspensions of GPVs that added substances (in particular, plasma protein beta-2-glycoprotein I and antiphospholipid antibodies dissolved in phosphate buffer saline) may cause adhesion between membranes; adhesion took place even when both membranes were negatively charged (Ambrožič et al. 2006) . In a budding vesicle, the added beta-2-glycoprotein I caused attraction of the bud to the mother membrane and its adhesion to the membrane (Urbanija et al. 2007; Frank et al. 2008) . It was interpreted that added substances may mediate attractive interaction between membranes (Urbanija et al. 2007) . A model describing the adhesion due to the presence of mediating molecules was proposed, suggesting that the mediated attraction derives from a decrease of the free energy of the system due to orientational ordering of mediating molecules with spatially distributed charge (Urbanija et al. 2008a,b) . The interaction turned out to be short-ranged (Urbanija et al. 2008b ); adhesion will likely take place if the distance between membranes is smaller than few nanometers. For a bud, these conditions are fulfilled when it is connected to the mother vesicle by a short and thin but stable neck. Adhesion of a bud to the mother membrane was indeed observed in GPVs (Urbanija et al. 2007 ), but to our best knowledge, it has not yet been reported in cells. Here we present evidence that a similar process takes place also in blood cells.
Theoretically it was predicted that shapes in which a bud is connected to the mother membrane with a thin neck correspond to the global minimum of the membrane free energy and are therefore stable . To validate these predictions, we studied the stability of shapes with thin necks experimentally. In GPVs and in cells, tube-like protrusions are commonly observed. These protrusions may also be undulated thereby forming multiple necks by which the "beads" are connected to form the protrusion (Kralj- Iglič et al. 2001; Iglič et al. 2007) . Such shapes are observed in the last stage of spontaneous process in which myelin-like protrusions are integrated into the mother vesicle (Fig. 1) ; when GPVs are formed by electroformation they are connected by a network of nanotubules (Mathivet et al. 1996; Kralj-Iglič et al. 2001) . Rinsing GPVs from electroformation chamber tears this network, however, its remnants remain attached to GPVs. Due to a spontaneous process the average mean curvature of the GPVs decreases with time (Kralj-Iglič et al. 2001; Božič et al. 2002) . The reason for the transformation is not known, but presumably, phospholipid molecules are slowly removed from the outer membrane layer due to equalization of the chemical potential in the solution and in the membrane, degradation of lipid and lipid flip flop (Kralj-Iglič et al. 2001) . The protrusion (Fig. 1A) shortens and thickens (Fig. 1B-D ) and eventually exhibits a bead-like bud (Fig. 1E ) which further transforms by diminishing the number of beads (Fig. 1E-I) . Finally, the neck, connecting the protrusion to the mother vesicle opens and the protrusion is integrated into the mother vesicle. To study the effect of the neck formation on the stability of the shape, we observed thermal fluctuations of the mother GPV shape during this process.
We present evidence in favour of the hypothesis that mediated interaction between membranes may suppress the nanovesiculation process in cells by causing adhesion of a bud to the mother membrane. We show below that this process can take place in blood cells. Further, we focus on the feature that enables such effect, i.e. stability of a narrow neck connecting mother and daughter vesicles by quantitatively determining how the fluctuations of the globular part develop in the process where the myelin-like protrusion is slowly integrated into the mother globule.
Materials and Methods

Blood sampling
Blood was collected from authors into 2.7 ml tubes containing 270 µl trisodium citrate at a concentration 109 mM. Evacuated tubes (BD Vacutainers, Becton Dickinson, CA) and 21-gauge needles (length 70 mm, inner radius 0.4 mm) (Microlance, Becton Dickinson, NJ, USA) were used for blood sampling. Prior to sampling the tubes were incubated in a rotating temperature-regulated centrifuge at 37°C and kept at this temperature in a thermo-block (Domel d.o.o., Železniki, Slovenia) during the handling of samples.
Induction of nanovesiculation by calcium ionophore A21387
After blood collection, blood was centrifuged at 1000 × g, 10 min, at room temperature. Supernatant blood plasma and thrombocyte-leukocyte fraction (buffy coat) were removed by pipetting, replaced with equal volume of Allen's buffer (145 mM NaCl, 5 mM KCl, 1 mM Na 2 HPO 4 , 10 mM glucose, 1 mM MgSO 4 · 7 H 2 O, 1 mM CaCl 2 · 2 H 2 O, used throughout the procedure) and gently mixed. The centrifugation and buffer exchange was performed 3 times. Erythrocytes were buffer-diluted approximately 1:10 v/v to a final concentration of 1.65 × 10 8 cells/ml. Buffer-washed erythrocytes were added to 2 µM calcium ionophore A21387 (Calbiochem-Behring Corp., La Jolla, CA, USA) dissolved in buffer. Aliquotes of the suspension, pre-warmed to 37°C were pipetted into 2 ml epruvettes and incubated for 15 min at this temperature. For fixation, a 5% buffer solution of formaldehyde (FD) or/and of 0.01% glutaraldehyde (GA), was added and incubated for 1 h at room temperature. Samples were washed 3 times by exchanging 500 µl of buffer after centrifugation at 1000 × g, for 1 min, at room temperature.
Isolation of NVs
Centrifugation of aliquoted samples started within 20 min after the acquisition of blood. In order to separate cells from plasma, blood was centrifuged at 1550 × g for 20 min in a centrifuge Centric 400/R (Domel d.o.o., Železniki, Slovenia). The upper 250 µl of plasma was slowly removed from each tube and placed in a 1.5 ml Eppendorf tube. The samples were centrifuged at 17570 × g for 30 min in a centrifuge Centric 200/R (Domel d.o.o., Železniki, Slovenia). The supernatant (225 µl) was discarded and the pellet (25 µl resuspended in 225 µl of citrated phosphate buffer saline (PBS). Samples were centrifuged again at 17570 × g for 30 min, the supernatant (225 µl) discarded and the pellet (25 µl) re-suspended in appropriate quantity of citrated PBS.
Scanning electron microscopy (SEM)
The NVs were suspension-fixed in 1% glutaraldehyde dissolved in citrated PBS for 60 min at 22°C, post-fixed for 60 min at 22°C in 1% OsO 4 dissolved in 0.9% NaCl, and then dehydrated in a graded series of acetone/water (50-100%, v/v). The samples were critical-point dried, gold-sputtered, and examined using a LEO Gemini 1530 (LEO, Oberkochen, Germany) scanning electron microscope.
Transmission electron microscopy (TEM)
Samples were fixed in 2.5% glutaraldehyde and post-fixed in 1% OsO 4 . After dehydration they were embedded in epon. Ultrathin sections were counterstained with uranyl acetate and lead citrate. Samples were examined with transmission electron microscope 100 CX (Jeol, Japan) at working voltage 80 kV.
Preparation of giant phospholipid vesicles
The phospholipid 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) was purchased from Avanti Polar Lipids. The vesicles were prepared by the modified method of electroformation (Angelova et al. 1992) . The electroformation of GPVs was performed at room temperature. In the procedure, 20 µl of phospholipid dissolved in 2:1 chloroform/methanol mixture, was spread over a pair of platinum electrodes. The solvent was allowed to evaporate for two hours. The electrodes were placed into the electroformation chamber which was then filled with 2 ml of 0.2 M sucrose solution. An alternating electric field was applied as described in Kralj-Iglič et al. (2001) . After the electroformation the content of the chamber was poured out into a plastic beaker. Then, the chamber was rinsed with 2 ml of 0.2 M solution of sugar of different molecular weight (glucose) and the contents of the chamber were added to the solution that was already in the plastic beaker. The solution was gently mixed. We used an equiosmolar solution of lighter sugar (glucose) for rinsing the vesicles into the observation chamber so that the vesicles containing the solution of heavier sugar (sucrose) sunk to the bottom of the observation chamber and made the observation easier.
For determination of shape fluctuations, the solution containing the vesicles was immediately after the formation placed into the observation chamber made by a pair of cover glasses and sealed by vacuum grease. The vesicles were observed by the inverted microscope Zeiss IM 35 with the phase contrast optics. The microscope was focused on the globular part therefore the protrusion could not be clearly seen for most of the time. Video camera Sony PCD-IRIS (model SSC-M370CE) attached to the microscope served to record the images. The frame grabber (Data Translation DT2851) in a personal computer was used to digitize the images at the rate of about one per second. This resulted in a series of 1600 pictures of the same vesicle. The pictures size was 512 × 512 pixels with 256 gray levels.
For mediated interaction between membranes GPVs were left to sediment in the gravitation field for 12 hours. Beta-2-glycoprotein I (Hyphen BioMed, France) dissolved in PBS was added to the suspension at a final concentration of 100 mg/l.
Image Processing
Shading or intensity inhomogeneity is an adverse phenomenon in microscopy manifesting itself as smooth intensity variations not present in the original (Likar et al. 2000; Russ 2000) and may arise from imperfections in the image acquisition process. Therefore, correction is needed after image acquisition. We suppressed the shading of an acquired image (N) by using an additive (S A ) and a multiplicative (S M ) shading component to transform the acquired image into the corrected image (U),
are the associated Legendre functions and ) ,
where
The shading components S A and S M were approximated by a globally neutralized second order polynomial S
where (2) defined by five parameters: s x , s y , s xx , s xy , s yy . W is the width of the image and H is its height. To suppress the shading, the origin was taken at the centre of the image. The optimal parameters of both components s A0 , s M0 were found by Powell's multidimensional directional set method and Brent's one-dimensional optimization algorithm (Press et al. 1992) minimizing the entropy (E) of the acquired image, 
The entropy E was calculated from the probability distribution which was estimated by normalization of the corresponding intensity histogram of the transformed image U. A detailed description of the shading correction method can be found in Likar et al. (2000 Likar et al. ( , 2001 .
The vesicle outlines were determined from the corrected images (Sevšek and Gomišček 2004; Usenik et al. 2011 ). The images were binarized and slightly smoothened if necessary. Since in our case the contrast of the binarized image was good, the application of gradient operators (Gonzalez 1992) was not necessary and the contour could be determined directly. From the binary images the vesicle 4-connected contour was determined by tracing the inner boundary of the white halo surrounding the vesicle. The implementation of the contourfollowing routine was based on a maze solving algorithm. The coordinates of the contours were calculated relatively to the contour centres. An example of the processed vesicle image and the obtained contour are shown in Fig. 2 . Some images (in the interval between 850 and 1000 s) had to be excluded from the analysis due to insufficient quality.
Determination of the vesicle shape
The shape of a nearly spherical vesicle can be expressed by using the expansion into spherical harmonics 
where R(θ, φ) is the distance from the contour centre to the membrane, R s is the effective radius of the mother globule, 
) are the associated Legendre functions and ) ,
are the Fourier coefficients and 
are the normalized spherical harmonics (Abramowitz and Stegun 1970) , 
where 
) � are the associated Legendre functions and
are the associated Legendre functions and 
are the normalization factors, 
The effective radius R s is introduced in such a way that all the Fourier coefficients 
are small. The shape of the cross section of the vesicle is obtained from Eq. (4) by taking θ = π/2, 
The corresponding Fourier coefficients are
Since in our case the computational time was not crucial we used a straightforward method to determine the Fourier coefficients and to perform the experimentally obtained least square contour fitting by the expression (7). The resulting equations form a linear system that was solved for the Fourier coefficients by decomposing the matrix into the product of the lower and the upper triangular matrices -the method which is known as LU (lower and upper triangular decomposition) method (Press et al. 1992) . From the product, solutions were calculated by a simple substitution. Fig. 3 shows budding of biological membranes and adhesion of buds to the mother membrane. Adding ionophore to the suspension of erythrocytes caused a discocyte -echinocyte transformation (Fig. 3A) . Budding of the membrane took place at the tips of the echinocyte spicules (Fig. 3A) . Some buds prolonged into tubular protrusions (Fig. 3A , white arrow) while others appeared as composed of a series of globular units. Fig. 3B shows the adhesion of such units to each other (Fig. 3B , white arrows and black arrow). Adhesion of a bud to the mother membrane, or to the membrane of the adjacent cell, was observed also in platelets (Fig. 3C , white arrows) and in GPVs (Fig. 3D , white arrow) while adhered nanovesicles were found in leukocytes (Fig. 3E) and erythrocytes (Fig. 3F) .
Results
Spherical nanovesicles may have adhered to the erythrocyte membrane (Fig. 3F, black arrow) while a contact between two erythrocytes was made through nanovesicles adhering at their tips (Fig. 3F, gray arrow) . Transmission electron image shows that the nanostructures were lighter (Fig. 3F) indicating that they do not contain hemoglobin.
Either the membrane of these structures was permeable to hemoglobin while the connection with the mother cells (the necks) did not allow effective exchange of this protein between them and the respective mother cells, or -adhered nanovesicles did not derive from the cell to which they had adhered, but from another cell. As the adhered nanostructures were lighter, the mother cell was most probably not an erythrocyte. Fig. 4 shows the time dependence of the averaged square of the Fourier coefficients normalized by the square of the effective radius (A) and of the effective radius of the mother vesicle R s (B) corresponding to the last stages of the slow spontaneous shortening of the myelin-like protrusion and its integration with the mother vesicle. The effective radius of the mother vesicle R s on the average increased (Fig. 4B) . However, the increase of R s was not monotonous. Rather, a peculiar stepwise pattern could be observed. The abrupt increase of the effective radius corresponds to a transformation of the protrusion into the elongated shape with one bead less. The duration of steps increases so that the protrusion with three beads is less persistent than the protrusion with two beads and the latter is less persistent than the protrusion with one bead (Fig. 4B) .
The contribution of the Fourier coefficient with m = 2 is the largest, however, also the coefficients with higher m can be noted (Fig. 4A) . On the average all the coefficients increase with time. The increase is especially large at the end of the sequence when the globular shape of the vesicle is reached. At this point the effective radius of the mother globule and the Fourier coefficients abruptly increase (Figs. 4A,B) .
Discussion
Adhesion of the bud to the mother membrane was first observed in GPVs upon addition of a cofactor for binding of antiphospholipid antibodies to negatively charged phospholipids (beta-2-glycoprotein I) dissolved in phosphate buffer saline (Urbanija et al. 2007 ). Although the vesicle was composed of a mixture of POPC and phosphatidylserine which was at neutral pH in the solution negatively charged, the bud adhered to the mother vesicle (Urbanija et al. 2007 ) while in the case of a vesicle with long bead-like protrusion, the beads adhered to each other (Urbanija et al. 2007 ). This effect was attributed to the mediating effect of the added molecules (beta-2-glycoprotein I). In the control experiment where phosphate buffer saline alone was added to the vesicles, the necks connecting the beads to each other and the protrusion to the mother vesicle were torn to yield small spherical daughter vesicles which were free to move away from the mother vesicle. Tearing of the necks was preceded by vigorous movements of the protrusion (most probably due to concentration gradient caused by adding the sample), so it could be interpreted that the reason for the tearing was mechanical in nature. Adhesion of platelet buds to the mother membrane was suggested as a possible anticoagulant mechanism since platelet NVs constitute a catalytic surface for blood clot formation (Müller et al. 2000) , while adhesion of tumour cell buds to the mother membrane was suggested as a possible anti-metastatic mechanism, since NVs are involved in tumour progression ). The interaction mediated by beta-2-glycoprotein I could be explained by the structure of beta-2-glycoprotein I exhibiting a hydrophobic domain (Wang et al. 1998 ) and two positively charged domains (Kertesz et al. 1995; Bouma et al. 1999) . It is energetically advantageous that the hydrophobic domain is inserted into one membrane while the positively charged domains interact with the other membrane to form a "bridge" (Urbanija et al. 2007 (Urbanija et al. , 2008a . However, as the membrane headgroup interface is a source of electric field (in the case of charged or multipolar headgroups) and screening of this field takes place due to the presence of ions in the adjacent solution, a gradient of electric field is created close to the phospholipid headgroup interface. In the solution, molecules with internally distributed charge will therefore orient in this gradient as to minimize their energy. The decrease of the free energy of the system is the greatest when the two interacting membranes are separated by a small distance within which the mediating molecules are orientationally ordered (Urbanija et al. 2008b ). The attractive interaction would take place if the free energy minimum were deep enough to overcome thermal motion. Dimeric structure of large molecules (such as in antibodies) contributes to the significance of this effect (Urbanija et al. 2007 (Urbanija et al. , 2008b .
Having observed the mediating effect of beta-2-glycoprotein I, antiphospholipid antibodies and blood plasma in phospholipid vesicles (Urbanija et al. 2007; Frank et al. 2008) , it was suggested that a similar effect would take place in cells (Janša et al. 2008) . However, there is an important issue that should be taken into account, namely, the outer layer of the plasma membrane contains glycolipids (Boulbitch et al. 2001) . The sugar coat prevents adjacent membranes to approach each other to a distance that could be subject to attractive mediated interaction. In this work we report of adhesion of buds to the mother membrane in erythrocytes (Fig. 3B,F) , in platelets (Fig. 3C ) and in leukocytes (Fig. 3E ). We suggest that the self-adhesion of nano-sized buds could occur if the membrane around the neck becomes depleted or nude with respect to the sugar coat, and if the appropriate mediating molecules are present in the solution. The favourable composition of membrane in the neck is attained by curvature-sorting of the membrane constituents Gompper 1989, 1999; Yaghmur et al. 2007; Kralj-Iglič and Veranič 2007; Shlomovitz et al. 2011) . Glycolipids with extensive parts sticking from the outer membrane layer will not likely accumulate in strongly negatively and anisotropically curved region of the neck, which enables the suggested process to take place. It can be interpreted that the particular curvature of the neck provides the field for appropriate sorting of membrane constituents in the neck.
The adhesion of the bud to the mother membrane would, however, take place only if the neck connecting the compartments were an energetically favourable structure. It was therefore of interest to study the stability of the neck(s). We have observed it indirectly, by studying the development of thermal fluctuations of a mother GPV while the necks were formed in a process of integration of a myelin-like protrusion into the mother GPV. In phospholipid systems, the existence of network of nanotubes was indicated in an , a SEM image of the adhesion of tubular platelet protrusion to the mother platelet and to the adjacent platelet (C), a phase contrast microscope image of a giant phospholipid vesicle in a suspension with added PBS-dissolved beta 2 glycoprotein I 10 minutes after the addition of the sample (D1) and 20 minutes after the addition of the sample (D2), a TEM image of a bud adhered to the leukocyte membrane (E) and a TEM image of vesicles adhered to an erythrocyte membrane (F). Arrows in panels A-C point to buds, arrow in panel D points to the area of adhesion between membrane parts connected by a thin neck, black arrows in E and F point to globular membranous nanostructures adhered to the plasma membrane and gray arrow in F points to a connection between cells formed by adhered nano-sized protrusions. experiment (Mathivet et al. 1996) which showed rapid transport of fluorescent label within the membrane between the GPVs prepared by electroformation (Angelova et al. 1992) . The existence of the nanotubular network was then proved by an experiment in which the remnants of the network in the form of tubular protrusions (that are attached to the mother globule) became visible under the phase contrast microscope after undergoing a slow spontaneous shape transformation in which the average mean curvature of the vesicle decreased causing the protrusion to become shorter and thicker (Kralj-Iglič et al. 2001) . Thin necks between the "beads" that are of interest in this work were formed in the last stages of this process.
Since the contour of the mother vesicle is not in the same focus plane as the protrusion it is not possible to record both at the same time. However, the peculiar stepwise pattern of the time-course of the effective radius and of the Fourier coefficients of the mother vesicle shape is in agreement with previous observations of the width of the protrusion necks (Božič et al. 2002) . The necks connecting four beads were wider than the necks connecting three beads and these were wider than the neck that connects a single bead to the mother vesicle (Božič et al. 2002) . The narrower the neck, the longer the persistence of the given number of beads (Fig. 4B) . It is therefore concluded that the narrow neck tends to stabilize the shape. This effect is not limited to the neck that connects the protrusion with the mother globule but is also present in the shapes with protrusions with two or three (wider) necks, although it is not so strong.
Within the last two "steps" (times between 650-800 s and 800-1300 s in Fig. 4 ) the effective radius of the mother globule decreased (Fig. 4B) . However, the effective radius decreased also after the protrusion was completely incorporated into the mother globule (times larger than 1300 s). It can be expected that the fluctuations immediately after the integration of a larger amount of material into the globular part were not spherically symmetric as the inflow appeared at a certain place where the protrusion was joined with the globular part. After some time the spherically symmetric mode was more or less restored. There may be other reasons for the decrease of R s such as the flow of the membrane and of the contents to and from the protrusion, rearrangement of the phospholipid molecules within the membrane etc. At this point the observed decrease of R s within a "step" remains unexplained.
As the bending energy of the lowest harmonic modes of a flaccid membrane is comparable to the thermal energy, the vesicle shape spontaneously fluctuates. To eliminate the effect of these thermal fluctuations the observed coefficients u m were averaged over consecutive points. The moving average was used meaning that each point was calculated as the average over the interval of chosen number of points centered at the given point. Averaging over time however blurs the stepwise time dependence of Fourier coefficients. The number of points (100) was chosen as an optimal choice for both effects.
The shape transformation of the stearoyl-oleoyl-phosphatidylcholine vesicles undergoing a budding transition due to heating was analyzed (Döbereiner et al. 1995) . It was found that the vesicles change abruptly as temperature T is raised, from a prolate ellipsoidal shape to a shape composed of a spherical mother vesicle and a spherical daughter vesicle connected by a narrow neck (such as in Fig. 1F) . A similar process was observed in dimirystoyl phosphatidyl choline vesicles by Käs and Sackmann (1991) . It was also observed that in the reverse process in which the vesicles were cooled the neck opened at lower temperature indicating hysteresis (Käs and Sackmann 1991) . The acknowledged theory of membrane isotropic elasticity (Miao et al. 1994) does not offer an explanation for this feature (Döbereiner et al. 1995) , but the budding transition was interpreted as a first order transition (Käs and Sackmann 1991) preceded by large thermal shape fluctuations of a metastable state near its spinodal instability and quasi-critical slowing down (Döbereiner et al. 1995) .
Also in our experiments, before opening of the neck connecting the globular part and the spherical daughter vesicle, oscillations of the neck width on the timescale of a minute were observed, indicating that the vicinity of a shape phase transition reflects a phase transition within the bilayer membrane. We suggest that this phase transition could be based on in-plane orientational ordering of phospholipid molecules.
A theory was proposed that anisotropic inclusions within the phospholipid bilayer membrane may become in-plane orientationally ordered at those regions which exhibit strongly different principal curvatures. The free energy of the equilibrium vesicle shapes that are continuously transformed from a prolate shape to the pear shape and further to the shape with a spherical protrusion connected to the mother vesicle by a thin neck exhibits a deep minimum corresponding to the shape in which the mother globule and the daughter vesicle are connected by a thin, but finite neck (Kralj-Iglič et al. 1999 ). In the neck, the inclusions exhibit orientational ordering which causes a decrease of the free energy (Kralj-Iglič et al. 1999) .
Due to various reasons (e.g. equilibration of osmotic pressure, presence in the solution of molecules with particular properties, preferential intercalation of molecules into one of the two layers), the shape of the GPV may change. This change can be such that in some area(s) (e.g. necks) the curvature may become stronger and anisotropic. In order to constitute the membrane at that region, a phospholipid molecule may undergo a conformational change so that the shape of the molecule becomes strongly anisotropic (in the sense that not all in-plane orientations are energetically equivalent). Such molecule may be considered as a seed for an anisotropic inclusion. If the curvature relaxes, the conformational change relaxes too. We may say that such inclusion is transient. However, if the vesicle fluctuates around the shape with an anisotropic region (e.g. neck), the phospholipid molecule spends more time in a highly anisotropic state. Due to the interaction between the phospholipid molecules, clusters of highly anisotropic molecules may be formed which in turn constitute the membrane and impose the local curvature (Boulbitch 1997) . Inclusions become orientationally ordered while the formation of the neck is promoted. The observed critical fluctuations may therefore indicate the vicinity of the phase transition in which a pool of the phospholipid molecules that are strongly anisotropic and orientationally ordered is localized around the narrow but finite neck. The change of the average mean curvature (presumably due to the change of the number of the molecules in the outer membrane layer) is, however, important as to drive the shape over the prolate-pear transition where the probability of the proposed mechanism becomes high.
Theoretical models have shown that energetically favourable orientational ordering of water molecules in the vicinity of the membranes Iglič et al. 2010; Gongadze et al. 2011; Iglič 2012, Velikonja et al. 2013) can importantly influence mediated interaction through a considerable decrease of the permittivity of the solution in the vicinity of the membrane. This enhances the electric field and its gradient in the close vicinity of the membrane and promotes the attractive interaction mediated by solutes with spatially distributed charge.
Conclusion
Adhesion of the membrane bud to the mother membrane due to attractive mediated interaction is a possible mechanism that could underlay anticoagulant and anti-metastatic role of molecules in the solution in contact with the cell. Our results indicate that suppression of nanovesiculation (which was observed in erythrocytes, leukocytes and platelets) involves a development of a stable (energetically favourable) neck and adhesion of the membranes of the bud and of the mother membrane to each other. Both, the stabilization of the neck and the attractive mediated interaction between membranes can be explained by orientational ordering of the system constituents.
